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Abstract 
The aim of this research work is to define and evaluate a new methodology for pedestrians, in order to evaluate the total PM 
potential inhaled dose (PPID) and the energy consumption for different trips, according to PM concentration levels, pedestrian 
activity (external power requirements) and minute ventilation, considering street topography (slope), walking speed and 
pedestrian characteristics (weight, age, gender). 
This work introduces the Pedestrian Specific Effort (PSE) modal analysis. It is based on real-world measurements of urban trips 
to discretize VE and VO2 according to external power requirements due to speed and slope. Trip segmentations is also 
introduced. Each segment has similar attributes for pedestrian speed, traffic characterization or road grade and also similar power 
requirements which enables the establishment of a relationship between external power and minute ventilation. 
This methodology was applied to a case study in Lisbon and the results were validated with experimental data. A portable 
laboratory was used to acquire the necessary information to characterize pedestrian trips (instant speed, PM concentration, GPS 
coordinates, etc.). 
Results show, as far as this methodology is concerned, good estimates of PM potential inhaled dose and energy consumption, 
when compared to in situ measurements, on a second by second basis, varying between -6 to 6% in PPID and -9% to 8% 
regarding energy consumption. These results indicate that the discretization performed (using PSE and segments) constitutes a 
good approach to translate real-world trips. 
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1. Introduction 
Commuting of people is dominated by the use of motorized modes, which are very energy demanding and usually 
associated to local pollution. For instance, in Lisbon these modes represent 75% of the daily trips. As opposed, the 
use of non-motorized modes (walking and cycling), contributes for a cleaner urban environment, constituting also a 
good way to get to the destination using fewer resources. Therefore, considering the importance of promoting the use 
of non-motorized modes, it is necessary to provide municipalities and politicians with the necessary tools that allow 
the characterization of these environmentally friendly transport modes. So, the development of a numerical tool that 
provides the energy and environmental impacts to which pedestrians are exposed to, during urban commuting, 
without the need of performing in situ measurements, can be extremely valuable. 
Over the last years, high levels of air pollutants have been registered in Portuguese cities, especially regarding  
particulate matter (PM) (Monteiro et al., 2007), resulting in an increase of respiratory and cardiovascular diseases 
(EEA, 2009). It is a fact that more than 50% of world population lives in cities (UN, 2009) and considering that air 
pollution causes approximately two million deaths per year (WHO, 2008), the analysis of air pollution exposure 
assumes a relevant role, especially in urban areas and particularly for those who are not protected from any 
infrastructure, namely pedestrians and cyclists.  
Over the last years, in the literature, there has been a significant increase of scientific studies concerning personal 
and population exposure to air pollution in urban environments as well as non-motorized modes modeling. These 
studies focus on commuters or pedestrians exposure. They take into account the effect of different factors such as 
transport mode (Gulliver and Briggs, 2004, Int Panis et al., 2010, McNabola et al., 2008, Saksena et al., 2008, Tsai et 
al., 2008), walking position along major roads (curbside or building side) (Kaur et al., 2005, Zhao et al., 2004), the 
effect of traffic infrastructures (Ishaque and Noland, 2008, Kendrick et al., 2011), the influence of waiting inside or 
outside bus shelters (Hess et al., 2010) as well as the influence of the individuals physiologic response, whether as a 
pedestrian, cyclist or other transport mode user (Nyhan et al., 2014). Although exposure to PM has been widely 
investigated, the simultaneous effect of all factors when characterizing urban trips has not yet been considered. 
Additionally, the research work found by the authors’ in literature is based on in situ measurements, which 
represents a high investment in equipment and time.  
The aim of this research work is to define and evaluate a new methodology that is the basis of a numerical tool to 
determine the relationship between pedestrian activity (external power requirements) and minute ventilation, 
considering street topography (slope), walking speed and pedestrian characteristics (weight, age, gender) in order to 
estimate PM potential inhaled dose (PPID) and energy consumption for different trips. 
 
Nomenclature 
PM Particulate matter 
PPID PM potential inhaled dose 
PSE Pedestrian Specific Effort 
VE Minute ventilation 
VO2 Volume of oxygen uptake 
VSP Vehicle Specific Power 
2. Methodology 
To accomplish this purpose, a new methodology based on numerical simulation was developed. This 
methodology was validated using experimental data acquired with a portable laboratory. A detailed description of 
the developed methodology and of the laboratory itself is provided in the next sections. 
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2.1. Pedestrian Specific Effort (PSE) methodology 
The PM potential inhaled dose (PPID) depends on the local PM concentration, pedestrian minute ventilation 
(VE), and exposure time, according with equation 1:  
ܲܲܫܦሺߤ݃ሻ ൌ ܲܯ௖௢௡௖ሺߤ݃Ȁ݈ሻ ൈ ܸܧሺ݈Ȁ݉݅݊ሻ ൈ ݐ݅݉݁ሺ݉݅݊ሻ (1) 
To estimate VE without the need of performing in situ measurements, which would require high resources and 
would be very time consuming, the developed methodology introduces the concept of Pedestrian Specific Effort 
(PSE). This is an indication of the external power requirements to perform a certain effort. It takes into account 
pedestrians speed and road grade. This approach is based on the Vehicle Specific Power (VSP) methodology that is 
used for motorized vehicles (Jiménez-Palacios, 1999). In this methodology, vehicle fuel consumption and emissions 
obtained from measured data are grouped into operation modes, according to the power requirements, on a second 
by second basis. These operation modes can then be used to estimate the global trip fuel consumption and the 
emissions based on engine power requirements. Similarly, different modes were defined for PSE, each having a 
typical O2 consumption (VO2) and minute ventilation (VE) associated, depending on the individual characteristics 
(age, gender, weight). Pedestrian energy consumption (in kcal) is obtained directly from VO2 values, using the 
literature simplified correlation of 1 liter of O2 consumed is equivalent to 5.05 kcal (McArdle et al., 2006).  
In order to obtain data about speed versus slope, three volunteers performed typical urban trips in Lisbon city 
center. Pedestrian speed and trip coordinates were recorded using a GPS, while slope data was obtained using 
Google Maps Elevation API. 
By combining speed and road slope data, the definition of external power was done using the dynamic 
component of Pandolf et al. (1977) equation, as follows: 
ܲሾܹሿ ൌ ߟሺܯ ൅ ܮሻሾͳǤͷܸଶ ൅ ͲǤ͵ͷܸܩሿ  (2) 
Where, V – velocity in m s-1; M – mass in kg; L – load in kg; G – gradient in %; K – terrain factor (K=1 for 
treadmill and black top road) (Knapik et al., 1996) 
This research work assumed that no loads were carried by pedestrians. However, this component was included in 
the power equation in order to allow future analysis of the influence of carrying loads in the external power and as a 
consequence in the minute ventilation. 
The obtained power values, divided by the pedestrian weight (in kg), correspond to the PSE, as represented in 
equation 3.  
ܲܵܧሾܹȀ݇݃ሿ ൌ ௉ெ ൌ
ఎሺெା௅ሻൣଵǤହ௏మା଴Ǥଷହ௏ீ൧
ெ   (3) 
The modal analysis is very useful, since it can be used to estimate energy consumption and PPID based on 
pedestrians’ characteristics and trip power requirements. Consequently the PSE values were aggregated in 12 modes 
varying from -1 to 10, as shown in Table 1. The PSE modes were defined using a frequency analysis, recurring to 
several real-world urban trips, with different characteristics, that were monitored, so that the frequency has a normal 
distribution shape (“bell curve”). PSE mode 0 corresponds to the situations when pedestrians were stopped, namely 
while waiting in signalized pedestrian crossings. This situation can be considered as similar to resting despite the 
fact of being standing.  
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Table 1. PSE mode binning and ranges of W/kg for each mode 
PSE mode W/kg 
 
PSE mode W/kg 
-1 -1dPSE mode<0 5 4<PSE moded5 
0 PSE mode = 0 6 5<PSE moded6 
1 0<PSE moded1 7 6<PSE moded7 
2 1<PSE moded2 8 7<PSE moded8 
3 2<PSE moded3 9 8<PSE moded9 
4 3<PSE moded4 10 9<PSE moded10 
 
For each trip monitored, using the data collected on a second by second basis, VO2 and VE were estimated using 
literature data. These results allowed assigning a typical value of VO2 and VE to each PSE mode.  
For the VO2 estimation, the equation used accounts with speed, slope, weight and gender (Kramer, 2010): 
ܸܱଶሾ݈݉ܱଶȀݏሿ ൌ ͷǤͶܸଶ ൅ ͲǤ͵͹ܯ ൅ ͲǤͲͲͷͶܯܩܸ ൅ ͲǤͲͳͳܩଶܸ െ ͵Ǥͺܺ െ ͳ͹ (4) 
Where, V – velocity in m s-1; G – gradient in %; M – mass in kg; X – gender (female = 0; male = 1) 
Regarding VE, it was obtained from Newstead (1987) using the equation: 
ܸܧሾ݈Ȁ݉݅݊ሿ ൌ ͳ͹Ǥͻʹܸܱଶ ൅ ͷǤͻͻ  (5) 
2.1.1. Validation 
The literature presents several equations regarding VO2 and VE estimation. So it was necessary to verify which 
were more appropriate to use. VO2 and VE were measured, for three volunteers, in a controlled environment (using 
a portable metabolic measurement system – CosmedK4b) in a treadmill in the Exercise and Health Laboratory from 
the Human Kinetics Faculty, University of Lisbon. The measurements protocol was defined based on the typical 
slopes of Lisbon urban roads and for each volunteers’ average speed. Each volunteer followed the experimental 
protocol defined in  
Table 2a, during 28 minutes. Due to equipment limitations, only positive slopes were tested.  
Table 2b presents the volunteers characteristics. 
Table 2. a) Measurements protocol; b) Volunteers characteristics 
Protocol 
stage Slope 
Duration 
(min) 
 
Resting - 3  
Exercise 0% 2  
Exercise 2% 2  
Exercise 4% 2  
Exercise 5% 3  
Exercise 6% 3  
Exercise 8% 3  
Exercise 10% 3  
Recovery - 7 a) 
 
Volunteer Gender Age Weight (kg) 
Height 
(cm) 
Average 
speed 
(km/h) 
 
1 Male 29 66 171 5.8  
2 Female 34 65 172 5.2  
3 Female 24 50 165 5.5 b) 
 
 
Although presenting the same trend, the VO2 estimated from Kramer (2010) equation was always lower than the 
measured values (Fig. 1). The average differences found between estimated and measured VO2 ranged from 3% 
(Volunteer 2) to 34% (Volunteer 3). Due to the followed protocol, with a constant speed, not all PSE modes were 
covered in the measurements.  
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Fig. 1. Comparison of VO2 estimated and measured for the 3 volunteers 
In the literature VE can be obtained linearly from VO2. However, in real-world conditions VE depends on 
external factors such as stress and pedestrians’ physical condition. For VE estimation, results show the same pattern 
found for VO2. VE estimated from reference literature equations was always lower than the measured values and the 
average differences found between estimated and measured VE ranged from 9% (Volunteer 2) to 28% (Volunteer 
3). Fig. 2 presents the comparison of estimated and measured VE for the three volunteers, showing that the trend 
found in the estimated and in the measured values is the same. 
 
Fig. 2. Comparison of VE estimated and measured for the 3 volunteers 
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As previously referred, the measurements were performed following a protocol where each volunteers’ average 
speed was maintained constant for all slopes. This possibly leads to an accumulated fatigue which can influence the 
more demanding stages of the protocol (at higher PSE modes). Under real-world conditions, the accumulated fatigue 
is diminished since for high slopes the pedestrian speed decreases (Tobler, 1993).  
Moreover, the literature equations used to estimate VO2 and VE, result from studies including several users, with 
different ages, weights, heights and physical conditions (Kramer, 2010). These equations represent an average user 
instead of a specific one, with a specific physical condition. Consequently, the higher variations found for the more 
demanding PSE modes were considered admissible. As a result, the authors considered that the equations from 
Kramer (2010) and Newstead (1987) returned satisfactory results and can be used in the numerical simulation.  
2.2. Segments definition 
A segmentation of the trips was introduced in order to reduce the computational requirements and to avoid 
second by second speed profiles with little variations. Each segment has similar attributes for pedestrian speed, 
traffic characteristics or road grade. Different characteristics establish a change to a different segment, such as, for 
example, the change to a new block, a significant variation in road slope and also the existence of singularities 
(crosswalks, traffic lights, etc.). Each segment has similar power requirements enabling the establishment of a 
relationship between external power and minute ventilation. 
The assumptions used to divide the trip in segments were: 
x Slope variations of more than 1%; 
x Pedestrian stops, namely in signalized pedestrian crossings; 
x Maximum size of the segment of 50 m. 
For each segment, a Pedestrian Specific Effort (PSE) is estimated (using average speed and slope as inputs), and 
correlated to VO2 and VE values.  
2.3. Experimental measurements to validate the methodology - Portable Laboratory for PM concentration 
measurement and urban trips monitoring 
In order to evaluate PPID results and energy expenditure provided by the numerical model, a portable laboratory 
– MoveLab – was used to acquire real-world pedestrian dynamic patterns and PM concentrations along the trip. 
MoveLab fulfills the needs for characterizing short trips in the users’ perspective. It measures PM exposure under 
different conditions, by covering three areas: pedestrian dynamics (speed, route, etc.), PM exposure, and trip event 
registration. All equipment are connected to a portable computer, running a LabVIEW application developed for this 
purpose, collecting data on a second by second basis.  
For PM exposure, a GRIMM 1.101 Dust Monitor (GRIMM Aerosol Technik GmbH & Co. KG, Ainring, 
Germany) was used to measure PM ranging from 0.4 to 15 Pm in diameter. The equipment is a small portable unit, 
suitable for ambient air measurements, which allows continuous data collection, accounting particulate 
concentration (counts l-1) or mass concentration (Pg m-3). In the used configuration, data was recorded at the 
maximum frequency allowed, at every six seconds. Prior to the measurements, this device was calibrated according 
to manufacturer standards.  
The user carried a backpack (Fig. 3) with the equipment assembled in an aluminum structure made to rigidly 
match the backpack and to accommodate the devices in stable and safe operational conditions. The overall backpack 
weight is around 11 kg. The dust monitor probe is placed behind the backpack carrier, and above the level of the 
head as illustrated in Fig. 3b. 
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a)  
Fig. 3. a) Components of the laboratory; b) Backpack with the laboratory equipment 
The equipment used is connected to a lightweight laptop with a Solid State Drive to ensure that data is correctly 
saved while in motion. A NI USB-6211 Data Acquisition Board is used to collect data from the accelerometer – a 
Corrsys-Datron TANS 3-Axis powered by a lead acid battery 12 V, 1.3 Ah. Data is collected at 20 Hz and is 
integrated a posteriori to achieve a second by second instantaneous speed. 
While the use of the laboratory is not practical to characterize energy and pollution impacts to which pedestrians 
are subject to, when a large-scale perspective is considered, the data collected with the laboratory, can be of great 
use to validate numerical tools.  
3. Case Study 
The methodology was applied to a case study in Avenida da Liberdade, one of the main avenues in the city of 
Lisbon. This Portuguese avenue has high traffic flows and frequent traffic congestion. Therefore, high levels of PM 
are frequently registered in the local air quality monitoring station (Fig. 4a), not complying with the legislated limits. 
Avenida da Liberdade presents one of the highest levels of PM when compared to other Portuguese cities and 
European capitals (Ferreira et al., 2006). 
The chosen route covers the entire Avenida da Liberdade. It starts nearby Rotunda do Marquês de Pombal (A) 
ending at Largo do Rossio (B), covering an overall length of 1.4 km and having a considerable slope, as it is shown 
in Fig. 4. 
a) b) 
Fig. 4. a) Case study route (Source: Google Maps Engine Lite); b) Elevation profile for the case study route 
b) 
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MoveLab was used to characterize this route, regarding PM concentration and speed profile, by performing ten 
measurements (5 uphill and 5 downhill) during 13 days between May and October 2011, morning and afternoon, in 
off-peak hours. PM potential inhaled dose and energy consumption results using experimental data (second by 
second data, acquired with the portable laboratory – MoveLab) were compared to the results obtained from two 
numerical approaches, in order to understand the implications of using PSE and segments. The two numerical 
approaches are: 
x 1st approach – Dividing the trip into segments and using average values for slope, speed and PM 
concentration for each segment – this represents the ideal use of the developed tool, although it might be 
difficult to obtain values of PM concentration for the different segments without using in situ 
measurements; 
x 2nd approach – Considering segments and using average values for slope and speed for each segment but 
using average PM concentration for the whole trip (only one value) – this option was considered due to the 
fact that PM concentrations are usually not available. However, if the route is close to a fixed air quality 
monitoring station, an average value might be obtained. For energy consumption estimation, there is no 
difference from the first approach. 
Using the experimental data, the total PPID and energy consumption of the trip are equal to the sum of the values 
obtained on a second by second basis; for the other two approaches the total PPID and energy consumption were 
obtained by summing the values of the different segments. 
These two approaches allowed the authors to test whether the simplifications of using segments and average PM 
concentrations would still lead to values comparable to experimental data. 
From the ten trips monitored, only 6 trips (3 downhill and 3 uphill) were selected to cover distinct PM and 
dynamic characteristics. Table 3 presents the trips’ characteristics and the number of segments defined for each trip.  
Average PM10 concentrations measured by the fixed air quality monitoring station, are presented in Table 3, only 
as indicative values, although they have not been used to test the developed numerical tool, as this analysis intends 
to evaluate the impact of using simplifications such as PSE modes and segments compared to second by second real-
world data. Future work will focus on strategies to use air quality monitoring station data as input for the numerical 
model. 
Table 3. Trips characteristics and number of segments for each trip 
 Trip duration 
[min] 
Average 
speed [m/s] 
Average PM10 concentration [Pg/m3] Number of 
segments   Portable equipment Air quality monitoring station* 
Downhill 
Trip 1 18.8 1.37 66.1 83.8 47 
Trip 2 17.6 1.45 42.1 78.5 41 
Trip 3 17.5 1.47 46.9 73.2 44 
Uphill 
Trip 4 17.9 1.42 35.8 67.3 47 
Trip 5 19.6 1.33 57.4 83.8 45 
Trip 6 19.3 1.39 53.1 73.2 48 
 
When compared to experimental data, Fig. 5 shows, for the two proposed approaches that there are no relevant 
variations in both PM10 potential inhaled dose and in the energy consumption. PM10 potential inhaled dose presents 
variations between approaches from -6% to 6%, with an average error of -1.2%r4.9% for the 1st numerical approach 
and -0.7%r4.3% for the 2nd numerical approach. Regarding energy consumption these variations ranged from -9% 
to 8%, with an average error of -1.2%r6.6%. These results allow the authors to conclude that the division of the trip 
in segments and the usage of average values for each segment will not introduce major errors in the final results. 
Regarding PM potential inhaled dose it is also possible to conclude that assuming an average concentration for the 
 
 
* Only hourly average PM10 concentrations are available for the air quality monitoring station (Agência Portuguesa do Ambiente, 2011) 
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whole trip will not lead to major differences in the results relatively to a second by second analysis. The same occurs 
with energy consumption estimates.  
 
a) b) 
Fig. 5. a) PM10 potential inhaled dose and b) Energy consumption for the experimental data and for the two approaches tested 
4. Conclusions and future work 
The objective of this work was to define and demonstrate a new numerical methodology, in order to determine 
the relationship between pedestrian activity (external power requirements) and minute ventilation, considering street 
topography (slope), walking speed and pedestrian characteristics (weight, age, gender) with the ultimate purpose of 
estimating total PM inhaled and energy used on pedestrian trips. 
This work introduces the Pedestrian Specific Effort modal analysis, based on real-world measurements of urban 
trips to discretize VE and VO2 according with the external power requirements due to speed and slope. It was found 
that literature generic equations for VE and VO2 provide acceptable results when compared to individual 
laboratorial data. However, more data collection, with more individuals would improve this analysis. 
A case study was done using a portable laboratory to acquire the data needed for characterizing pedestrian trips 
(instant speed, PM concentration, GPS coordinates, etc.), in a main Lisbon avenue, with high traffic flows and 
frequent traffic congestion. Two different approaches to estimate total PPID and energy were used in order to 
evaluate the representativeness of the developed methodology: firstly, using segments with average values for each 
segment; and secondly, by using segments and a single average value of PM concentration. These approaches 
present good estimates of PPID and energy consumption, when compared to in situ measurements, on a second by 
second basis, with variations between -6 to 6% in PPID and -9% to 8% in the case of energy consumption. These 
results indicate that the methodology (using PSE and trips division in segments) reproduce well real-world trips. 
Based on these results it is possible to conclude that the developed approach provides a prompt way to estimate 
PPID and energy consumption for pedestrian trips, with positive impacts in the easiness of data acquisition and 
processing. 
Future work will include the analysis of other case study routes, as well as the definition of strategies to use fixed 
air quality monitoring station data as an input to the numerical model. These strategies will focus on the differences 
between average hourly and real-world average PM concentration values over the entire trip. 
Additionally, it would be a great improvement for the methodology to measure VO2 and VE outside the 
laboratory, under real-world conditions, and including other types of pedestrians (elderly, obese, children, etc.). 
In the future, this numerical tool may be used by any user to estimate the impacts of a trip, without the need of 
performing real-world measurements. This analysis can also help decision makers to better decide where to act in 
order to promote and improve the use of cleaner modes (walking and cycling), by allowing to estimate the impacts 
that a certain trip has in the individual as a pedestrian or a cyclist.  
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